Background/Aims: The zebrafish is an emerging model system for the study of cardiac electrophysiology and human arrhythmias. High resolution imaging techniques are powerful tools for the study of zebrafish cardiac electrophysiology, but these methods require the complete absence of cardiac contraction. Many pharmacological agents that uncouple cardiac contraction also markedly alter the cardiac action potential (AP). In this study, we compared the effects two uncoupling agents, 2,3-Butanedione monoxime (BDM) and blebbistatin, on contractility and AP parameters in embryonic zebrafish heart. Methods: Zebrafish hearts were explanted (48 hpf) and superfused with either BDM (15 mM) or blebbistatin (1, 5 or 10 µM), while recording atrial or ventricular APs with the disrupted patch technique. Calcium transients were recorded with a high-speed confocal scanning microscope in hearts loaded intracellularly with 10 µM fluo-4 and superfused with 10 µM blebbistatin. Results: Despite abolishing cardiac contractility, BDM altered ventricular AP morphology and inhibited spontaneous APs. In contrast, blebbistatin (10 µM) abolished contractility without significantly altering AP morphology or generation of spontaneous APs. Blebbistatin allowed for high fidelity measurements of atrial and ventricular calcium transients. Conclusion: Blebbistatin is a potent and effective excitation-contraction uncoupling agent in embryonic zebrafish heart.
Introduction
The zebrafish, Danio rerio, is a well-established vertebrate model for the study of cardiac development [1] and is an emerging model system for the study of cardiac electrophysiology [2] [3] [4] . High resolution optical recordings using fluorescent dyes [2] and constitutivelyexpressed fluorescent calcium indicator proteins [3, 4] allow for the simultaneous recording of action potentials 420 (AP) or calcium transients in various regions of the embryonic zebrafish heart. However, these high resolution optical techniques are critically dependent upon the complete absence of cardiac contraction. The primary method to reduce motion artifacts involves the use of pharmacological agents that uncouple cardiac contraction. To date, studies in zebrafish have utilized 2,3-Butanedione monoxime (BDM) as an excitation-contraction uncoupling agent in millimolar concentration [2, 3] . However, at concentrations that impair contractility, BDM is known to alter potassium and calcium currents with unintended consequences on the morphology of the cardiac AP [5, 6] . The effect of BDM on directly measured transmembrane potential (V m ) in zebrafish heart has not been reported.
Blebbistatin is a small synthetic molecule that inhibits cell myosin cycling by preferentially binding to the ADPPi complex of myosin II [7] [8] [9] . Recently, blebbistatin was demonstrated to be a potent and effective excitationcontraction uncoupling agent in rat and rabbit cardiac tissue, without altering action potential morphology, ECG parameters or intracellular calcium transients [5, 6] . In this study, we compared the effects of BDM and blebbistatin on contractility and AP parameters in embryonic zebrafish heart.
Methods
All experiments were performed in accordance with the Public Health Service Policy on the Humane Care and Use of Laboratory Animals. Wild-type (WT) adult zebrafish and larvae were raised under standard laboratory conditions at 28°C.
Action potential recordings from embryonic heart
Four-eight hour-post-fertilization (hpf) larvae were dechorionated and anesthetized with 0.02% tricaine for 1 to 2 minutes. The heart was dissected from the thorax en bloc by using fine forceps and transferred to the recording chamber. Only spontaneously beating whole hearts were studied. All experiments were performed at 22°C to 24°C. The recording chamber was superfused with external control solution containing (in mmol/L) NaCl 140, KCl 4, CaCl 2 1.8, MgCl 2 1, glucose 10, and HEPES 10 (pH 7.4). Suction pipettes were made from borosilicate capillary tubes (8250 glass; A-M Systems) and fire-polished to obtain resistances of 6-9 MΩ when filled with solution containing (in mmol/L) KCl 120, EGTA 5, K 2 ATP 5, MgCl 2 5, and HEPES 10 (pH 7.2).
V m was measured by using an AxoClamp 2A amplifier (Molecular Devices) in the bridge mode with the disrupted patch technique. The pipette was positioned adjacent to the heart and a seal was formed by application of minimal suction. Using this technique, stable spontaneous APs were recordable for up to 3 hours. V m was filtered at 10 kHz and digitized at a sampling frequency of 20 kHz with a 12-bit analog-to-digital converter (Digidata 1322A Interface, Molecular Devices). Action potential duration (APD) from a series of five APs was calculated as the time interval between the peak maximum upstroke velocity (phase 0) and the time at 10% (APD 10 ), 50% (APD 50 ) and 90% of repolarization (APD 90 ). To determine the effective refractory period (ERP), the heart was paced by injecting pulses of depolarizing current (1.5x threshold, 3 msec duration) at a cycle length (CL) of 350 msec for the atrium and 400 msec for the ventricle. Ten consecutive stimuli were followed by a single premature stimulus at progressively shorter coupling intervals.
Drugs BDM (Fluka Chemika) was dissolved in external control solution to a concentration of 15 mM. Blebbistatin (Sigma) was dissolved in dimethyl sulfoxide (DMSO, Fisher Scientific) for a stock concentration of 17 mM and further diluted with external control solution to concentrations of 1, 5 or 10 µM. Final concentrations of DMSO were < 0.06%. Care was taken to minimize light exposure of blebbistatin solutions. Each explanted heart was tested against the various concentrations of blebbistatin in random order.
Calcium transient current monitored with confocal microscopy
Calcium transients were recorded in spontaneously beating isolated hearts at 48 hpf with fluo-4 (Molecular Probes) using a high-speed confocal scanning microscope. Hearts were first incubated in the external control solution containing 10 µM fluo 4-AM, 0.35 mM probenicid and 10 μM blebbistatin at 25°C for 2 minutes. Probenicid was included to help retard fluo-4 loss from the cells. The heart was then continuously bathed in control external solution containing probenicid. High speed scanning at 63 frames/sec was achieved with a confocal microscope (Zeiss 5-Live, excitation 489 nm, emission LP 505, 40x oil).
Statistical analysis
Atrial and ventricular AP parameters, including maximum upstroke velocity, APD, maximum diastolic membrane potential (MDP), CL and ERP were independently analyzed with Student's paired t-test, with a value of p<0.05 considered as statistically significant. Values are given as mean ± SEM.
Results

Action potential recordings in BDM and blebbistatin
Superfusion of an explanted embryonic heart with 15 mM BDM completely abolished cardiac contractility by visual inspection. However, BDM markedly altered ventricular action potential morphology (Fig. 1 effects of blebbistatin on contractility were reversible after superfusing with external control solution.
The effects of 1, 5 and 10 µM blebbistatin on atrial and ventricular AP parameters are listed in Table 1 and  Table 2 , respectively. Blebbistatin did not alter the CL of spontaneously firing, the upstroke velocity, MDP, ERP or duration of repolarization at the various concentrations of blebbistatin in either the atrium or ventricle. In addition, the morphology of atrial and ventricular AP was not altered by blebbistatin, as noted by the ability to superimpose APs before and after treatment (Fig. 2) .
Measurement of calcium transients in embryonic zebrafish heart
In order to test the practical utility of blebbistatin in an experimental system, we measured atrial and ventricular calcium transients in explanted embryonic zebrafish hearts using the calcium-sensitive fluorescent dye, fluo-4. Spontaneous cardiac contractions were abolished during perfusion with control external solution containing 10 µM blebbistatin. Robust fluorescent signals were recorded simultaneously from atrium and ventricle, with representative atrial and ventricular transients presented in Fig. 3 . Atrial calcium transients preceded ventricular transients and were shorter in duration than their ventricular counterparts (Fig. 3) . The morphology of atrial and ventricular calcium transients correlated with the time course of atrial and ventricular APs (Fig. 2) . This mechanical uncoupling to minimize motion artifacts allows for the optimization of signal to noise ratio and highlights the practical utility of blebbistatin combined with high-speed confocal laser microscopy.
Discussion
Cutting-edge technologies, such as high-resolution optical imaging using fluorescent dyes or genetically encoded calcium indicator proteins, allow for detailed, temporal-spatial characterization of electrical activity in the developing heart. However, the elimination of motion artifacts is crucial for high-fidelity recordings of membrane voltage and intracellular calcium transients. Genetic modification of cardiac contraction in zebrafish, by knocking down troponin T (tnnt2) expression, is an attractive approach to uncouple excitation-contraction in early embryonic heart [4] . However, tnnt2 mutations disrupt formation of the fast conduction system and thereby limit the role of tnnt2 mutations or anti-sense morpholinos for the study of cardiac electrophysiology at later developmental time points [3] . Thus, pharmacological uncoupling of cardiac contraction remains an appealing methodology to minimize motion artifacts. While BDM has been widely used as a pharmacological method of excitation-contraction uncoupling, significant distortion of AP properties has been reported in some species [5, 6] . In this study, we found that BDM depolarized MDP and markedly altered the morphology of ventricular APs that result in the eventual abolishment of spontaneous APs in zebrafish embryonic heart.
By contrast, at concentrations that inhibited cardiac contraction, blebbistatin was effective at reducing cardiac contractility without altering basic properties of the cardiac action potential including spontaneous CL, upstroke velocity, amplitude and MDP. Atrial and ventricular repolarization trajectory and ERP were unaffected by concentrations of blebbistatin up to 10 µM. Our results indicate that blebbistatin is an effective agent for excitation-contraction uncoupling in embryonic zebrafish heart and thus allows for high-fidelity measurements of atrial and ventricular calcium transients in embryonic zebrafish heart.
